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(54) Nickel alumlnide coating and coating systems formed therewith 



(57) An environmental overlay coating (24) for arti- 
cles used in hostile thermal environments, such as tur- 
bine, combustor and augmentor components of a gas 
turbine engine. The overlay coating (24) is predominant- 



ly beta-phase NiAl with limited alloying additions of zir- 
conium and chromium. The overlay coating (24) is use- 
ful as an environmental coating and as a bond coat that 
improves the spallation resistance of a thermal barrier 
coating (TBG) system (20). 
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Description 

[0001] This invention relates to coatings of the type 
used to protect components exposed to high tempera- 
ture environments, such as the hostile thennal environ- s 
ment of a gas turbine engine. More particularly, this in- 
vention is directed to a predominantly beta (P) phase 
NiAl overlay coating that is alloyed to exhibit enhanced 
environmental properties, and as a result is useful as an 
environmental coating and as a bond coat for a themnal 
insulating ceramic layer. 

BACKGROUND OF THE INVENTION 

[0002] Higher operating temperatures for gas turbine ^5 
engines are continuously sought in order to Increase 
their efficiency. However, as operating temperatures In- 
crease, the high temperature durability of the compo- 
nents within the engine must correspondingly increase. 
Significant advances In high temperature capabilities 20 
have been achieved through the fonnulatlon of nickel 
and cobalt-base superalloys. Nonetheless, when used 
to form components of the turbine, combustor and aug- 
mentor sections of a gas turbine engine, such alloys 
alone are often susceptible to damage by oxidation and 25 
hot corrosion attack and may not retain adequate me- 
chanical properties. For this reason, these components 
are often protected by an environmental and/orthermal- 
Insulating coating, the latter of which is termed a thermal 
barrier coating (TBC) system. 30 
[0003] Diffusion coatings, such as diffusion alumi- 
nldes and particularly platinum alumlnides (PtAI), and 
overlay coatings, particularly MCrAlY alloys (where M is 
iron, cobalt and/or nickel), have been widely employed 
as environmental coatings for gas turbine engine com- 35 
ponents. Ceramic materials such as zirconia (Zr02) par- 
tially or fully stabilized by yttria (Y2O3), magnesia (MgO) 
or other oxides, are widely used as a topcoat of TBC 
systems used on gas turbine engine components. The 
ceramic layer is typically deposited by air plasma spray- 40 
Ing (APS) or a physical vapor deposition (PVD) tech- 
nique. TBC employed In the highest temperature re- 
gions of gas turbine engines is typically deposited by 
electron beam physical vapor deposition (EBPVD) tech- 
niques which yield a columnar grain structure that is able 45 
to expand and contract without causing damaging 
stresses that lead to spallation. 

[0004] To be effective, thennal barrier coatings must 
have low thermal conductivity, strongly adhere to the ar- 
ticle, and remain adherent throughout many heating and so 
cooling cycles. The tatter requirement is particularly de- 
manding due to the different coefficients of thennal ex- 
pansion between thermal barrier coating materials and 
superalloys typically used to form turbine engine com- 
ponents. Thermal barrier coating systems capable of 55 
satisfying the above requirements have generally re- 
quired a bond coat, typically one or both of the above- 
noted diffusion aluminide and MCrAlY coatings. The 
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aluminum content of a bond coat formed from these ma- 
terials provides for the slow growth of a strong adherent 
continuous aluminum oxide layer (alumina scale) at ei- 
evated temperatures. This thermally grown oxide (TGO) 
protects the bond coat from oxidation and hot corrosion, 
and chemically bonds the ceramic layer to the bond 
coat. However, a themnal expansion mismatch exists 
between the metallic bond coat, alumina scale and ce- 
ramic layer, and peeling stresses generated by this mis- 
match gradually Increase over time to the point where 
spallation can occur at the interface between the bond 
coat and alumina scale or the interface between the alu- 
mina scale and ceramic layer. 

[0005] Furthermore, though bond coat materials are 
particularly alloyed to be oxidation-resistant, the surface 
oxidation and interdiffusion (with the substrate) that oc- 
curs over time at elevated temperatures gradually de- 
plete aluminum from the bond coat. Eventually, the level 
of aluminum within the bond coat can become sufficient- 
ly depleted to prevent further slow growth of the protec- 
tive alumina scale and to allow for the more rapid growth 
of nonprotective oxides, the result of which again is spal- 
lation of the ceramic layer. In addition to depletion of alu- 
minum, the ability of the bond coat to form the desired 
alumina scale can be hampered by the interdiffusion of 
certain elements between the superalloy and bond coat, 
such as during formation of a diffusion aluminide coating 
and during high temperature exposure. 
[0006] From the above, it is apparent that the service 
life of a TBC system is dependent on the bond coat used 
to anchor the thermal Insulating ceramic layer. Conse- 
quently, considerable research has been directed to- 
ward improved bond coats for TBC systems, including 
efforts directed to the use of oxidation-resistant materi- 
als other than diffusion aluminide coatings and MCrAlY 
overtay coatings. One example is bond coats fonned of 
an overtay coating (i.e., not a diffusion) of beta (P) phase 
nickel aluminide (NiAl) intermetallic, whose composition 
is about 50 atomic percent (about 30 weight percent) 
aluminum, the balance being nickel. In the past, gas tur- 
bine engine components formed of NIAl intermetallic 
have been proposed. For example, advanced NIAl In- 
termetallic alloys are reported in commonly-assigned U. 
S. Patent Nos. 5.116.438, 5.116,691, 5.215.831 and 
5,51 6,380 as suitable for fonning load-bearing gas tur- 
bine engine components. These patents are primarily 
concerned with alloying the NIAl intermetallic to improve 
high temperature mechanical strength and low temper- 
ature ductility, neither of which is of particular concern 
for TBC bond coats, since bond coats are deposited as 
sacrificial layers on the outer surfaces of components 
and do not contribute to the strength of the components. 
NiAl intermetallic has also been proposed as an envi- 
ronmental coating In U.S. Patent No. 4,610,736 to Bar- 
rett et al., in which additions of about 0.05 to 0.25 weight 
percent zirconium were shown to improve the cyclic ox- 
idation resistance of the Intermetallic, though whether 
such a coating could be used as a bond coat for a TBC 
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system was not reported or evident. 
[0007] More recently, in commonly-assigned U.S. 
Patent Application Serial No., 09/232,518, filed January 
1 9, 1 999, to Darolia, a beta-phase nickel aluminide bond 
coat containing 0.2 up to about 0.5 atomic percent zir- s 
conium is reported to promote the adhesion of a ceramic 
TBC layer to the extent that the service life of the result- 
ing TBC system Is drastically increased. Darolla also 
teaches that minimizing the diffusion zone between a 
NiAl bond coat and its underlying substrate promotes io 
the formation of an initial layer of essentially pure alu- 
minum oxide, promotes the slow growth of the protective 
aluminum oxide layer during service, and reduces the 
formation of voluminous nonadherent oxides of sub- 
strate constituents that tend to diffuse into the bond coat, is 
such as nickel, cobalt, chromium, titanium, tantalum, 
tungsten and molybdenum. As such, Darolla teaches 
that NIAI bond coats can perform extremely well as a 
bond coat for a TBC if properly alloyed and deposited 
to contain only NiAl intermetallic and zirconium. Notably, 20 
Darolla subscribes to the conventional wisdom that al- 
loying additions of chromium, titanium and tantalum to 
a bond coat detrimentally encourage the growth of alu- 
mina scale, leading to reduced spallation life of a ceram- 
ic layer on the bond coat. Consequently, it is apparent 25 
that the alloying requirements of NiAl intennetallic in- 
tended as an environmental coating or TBC bond coat 
differ from that of NiAl intermetallic used to form load- 
bearing articles, such as those of previously-mentioned 
U.S. Patent No. 5,516,380. 30 
[0008] Even with the advancements of Darolla, there 
remains a considerable and continuous effort to further 
increase the service life of TBC systems by improving 
the spallation resistance of the thermal insulating layer. 
[0009] The present Invention generally provides a 35 
protective overlay coating for articles used in hostile 
thennal environments, such as turbine, combustor and 
augmentor components of a gas turbine engine. The 
method is particularly directed to increasing the environ- 
mental resistance of a predominantly beta-phase NIAI 40 
overlay coating for use as an environmental coating, as 
well as to improve the spallation resistance of a thermal 
barrier coating (TBC) deposited on the surface of such 
an overlay coating. According to the invention, an unex- 
pected improvement in spallation resistance and cyclic 
hot corrosion/oxidation (CHC/O) resistance is achieved 
with beta-phase NiAl overlay bond coats alloyed to con- 
tain certain amounts of chromium and zirconium, in 
combination, as compared to prior art beta-phase NiAl 
environmental coatings and TBC bond coats. so 
[001 0] As a beta-phase NiAl Intermetallic, the overlay 
coating of this invention contains 30 to 60 atomic per- 
cent aluminum so as to be predominantly of the beta- 
NiAl phase. As a key feature of this invention, the over- 
lay coating also contains about 2 to 15 atomic percent ss 
chromium and about 0.1 to 1 .2 atomic percent zirconi- 
um, which when present together in a beta-phase NiAl 
overlay bond coat, have been shown to improve the 



spallation resistance of a TBC deposited on the overlay 
bond coat. In the presence of chromium, the maximum 
level at which zirconium produces a beneficial effect Is 
significantly increased as compared to prior art NiAI+Zr 
overlay coatings. Also of particular note is that the inclu- 
sion of limited amounts of chromium unexpectedly has 
a very substantial effect on spallation resistance, con- 
trary to conventional wisdom that significant additions 
of chromium to beta-phase NiAl detrimentally encour- 
ages the growth of alumina scale and reduce spallation 
life. The net effect of the amounts of chromium and zir- 
conium proposed by this invention is a significant im- 
provement in cyclic hot corrosion and oxidation (CHC/ 
O) performance of the overlay coating of this invention, 
and an increase in the life of a TBC on the overlay coat- 
ing. 

[001 1] Notably, the NIAI overlay coating of this inven- 
tion also exhibits sufficient CHC/O resistance to survive 
numerous cycles after spallation of the TBC has oc- 
curred. Accordingly, in addition to being suitable as a 
bond coat for a TBC system, the protective beta-phase 
NiAl overlay coating of this invention also has applica- 
tion as an environmental coating. 
[001 2] Other objects and advantages of this Invention 
will be better appreciated from the following detailed de- 
scription. 

[0013] The invention will now be described in greater 
detail, by way of example, with reference to the draw- 
ings, in which:- 

Flgure 1 is a perspective view of a high pressure 
turbine blade. 

Figure 2 is a cross-sectional view of the blade of 
Figure 1 along line 2-2, and shows a thermal barrier 
coating system on the blade In accordance with an 
embodiment of this invention. 

Figure 3 is a graph illustrating the relative furnace 
cycle test spallation performance of NiAl intermetal- 
lic bond coats alloyed in accordance with this inven- 
tion to contain 5 at.% chromium and 0.1 to 1 .2 at.% 
zirconium. 

Figures 4 and 5 are main effects plots that evidence 
the effect of chromium and zirconium combinations 
on the TBC spallation resistance and the cyclic hot 
corrosion/oxidation (CHC/O) resistance of burner 
rig superalloy specimens having NiAl intennetallic 
overiay bond coats alloyed in accordance with this 
invention to contain 2 to 10 at.% chromium and 0.1 
to 0.7 at.% zirconium. 

[0014] The present invention Is generally applicable 
to components that operate within environments char- 
acterized by relatively high temperatures, and are there- 
fore subjected to severe thermal stresses and thermal 
cycling. Notable examples of such components include 
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the high and low pressure turbine nozzles and blades, 
shrouds, combustor liners and augmentor hardware of 
gas turbine engines. One such example is the high pres- 
sure turbine blade 10 shown in Figure 1. The blade 10 
generally includes an airfoil 12 against which hot com- 
bustion gases are directed during operation of the gas 
turbine engine, and whose surface Is therefore subject- 
ed to severe attack by oxidation, corrosion and erosion. 
The airfoil 12 is anchored to a turbine disk (not shown) 
with a dovetail 1 4 formed on a root section 1 6 of the 
blade 10. Cooling holes 18 are present in the airfoil 12 
through which bleed air is forced to transfer heat from 
the blade 10. While the advantages of this invention will 
be described with reference to the high pressure turbine 
blade 1 0 shown in Figure 1 , and particularly nickel-base 
superalloy blades of the type shown In Figure 1, the 
teachings of this invention are generally applicable to 
any component on which a coating system may be used 
to protect the component from its environment. 
[0015] Represented in Figure 2 is a TBC system 20 
of a type that benefits from the teachings of this inven- 
tion. As shown, the coating system 20 includes a ceram- 
ic layer 26 bonded to the blade substrate 22 with a Ni Al 
overlay coating 24, which therefor serves as a bond coat 
to the ceramic layer 26. The substrate 22 (blade 10) is 
preferably a high -temperature material, such as an iron, 
nickel or cobalt-base superalloy. To attain a strain-toler- 
ant columnar grain structure, the ceramic layer 26 is 
preferably deposited by physical vapor deposition 
(PVD), though other deposition techniques could be 
used. A prefen-ed material for the ceramic layer 26 is an 
yttria-stabilized zirconia (YSZ), with a suitable compo* 
sition being about 3 to about 20 weight percent yttria, 
though other ceramic materials could be used, such as 
yttria, nonstabilized zirconia, orzirconia stabilized by ce- 
ria (CeOg), scandia (ScgOg) or other oxides. The ceram- 
ic layer 26 is deposited to a thickness that is sufficient 
to provide the required themnal protection for the under- 
lying substrate 22 and blade 10, generally on the order 
of about 1 00 to about 300 micrometers. As with prior art 
TBC systems, the surface of the overlay coating 24 ox- 
idizes to form an oxide surface layer (scale) 28 to which 
the ceramic layer 26 chemically bonds. 
[0016] According to the invention, the NiAl overlay 
coating 24 is predominantly of the beta (p) NiAl phase 
with limited alloying additions. The NiAl overlay coating 
24 is formed using a PVD process, preferably magnet- 
ron sputter physical vapor deposition or electron beam 
physical vapor deposition (EBPVD), though it is foresee- 
able that other deposition techniques could be used, 
such as thermal spraying of powders. According to the 
Invention, an adequate thickness for the overlay coating 
24 is about 15 micrometers In order to protect the un- 
derlying substrate 22 and provide an adequate supply 
of aluminum for oxide formation, though thicknesses of 
about 1 0 to about 1 25 micrometers are believed to be 
suitable. The above PVD techniques are preferably car- 
ried out to reduce the diffusion of the overlay coating 24 



into the substrate 22. Preferably, deposition of the over- 
lay coating 24 results in virtually no diffusion between 
the overlay coating 24 and substrate 22. During subse- 
quent heat treatment to relieve residual stresses gener- 

5 ated during the deposition process, a very thin diffusion 
zone 30 of not more than about five micrometers, typi- 
cally about 2.5 to 5 micrometers, may develop. A suita- 
ble heat treatment is two to four hours at about 1800**F 
to 2000'*F (about 980®C to about 1090**C) in a vacuum 

10 or an inert atmosphere such as argon. Importantly, the 
minimal thickness of the diffusion zone 30 promotes the 
initial formation of the scale 28 as essentially pure alu- 
minum oxide (alumina), promotes the slow growth of the 
protective alumina scale 28 during service, reduces the 

^5 formation of voluminous nonadherent oxides at the 
bond coat-ceramic layer interface, and reduces the 
amount of substrate material that must be removed dur- 
ing refurbishment of the TBC system 20. Accordingly, 
articles such as the blade 10 shown in Figure 1 can be 

20 refurbished more times than would be possible if a dif- 
fusion bond coat were used. 

[001 7] To attain the beta-NIAl intermetallic phase, the 
NiAl overlay coating 24 of this invention has an alumi- 
num content of about 30 to 60 atomic percent, preferably 

25 about 30 to 50 atomic percent, and more preferably at 
an atomic ratio of 1:1 with nickel. According to this in- 
vention, the addition of about 2 to 15 atomic percent 
chromium and about 0.1 to 1 .2 atomic percent zirconium 
to the predominantly beta-phase NiAl overlay coating 24 

30 has a significant effect on the spallation resistance of 
the ceramic layer 26 adhered to the overlay coating 24 
to form the TBC system 20. 

[0018] According to the invention, additions of chro- 
mium and zirconium have been shown to improve the 

35 spallation resistance of a ceramic layer deposited on the 
NiAl overlay coating the overlay coating 24, and to im- 
prove the cyclic hot corrosion/oxidation (CHC/O) resist- 
ance of the overlay coating 24 when used alone as an 
environmental coating. These benefits have been 

"^0 shown to be the result of solid solution strengthening by 
chromium, and precipitation strengthening from fine a- 
Cr phases or p' Heusler phases (in combination with ad- 
ditions of zirconium) dispersed within the beta phase of 
the bond coat. The result is believed to be a sufficient 

45 increase in the strength of the bond coat to limit the 
creep defomriation and rumpling of the bond coat sur- 
face, which this Invention has determined to contribute 
to early failures of conventional bond coat materials. 
Chromium additions are also believed to help in thefor- 

50 mation of alpha alumina and improve the corrosion re- 
sistance of the bond coat. 

[0019] Notably, the diffusion of chromium (which typ- 
ically occurs in ranges of about 0.5 to 2 atomic percent) 
from superalloy substrates Into prior art bond coats has 
55 been viewed as detrimental to TBC spallation resistance 
on the basis of encou raging the growth rate of aluminum 
oxide and nonadherent oxides at the bond coat-ceramic 
layer interface. Nonetheless, the present invention In- 
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tentlonally alloys a beta-phase NiAl bond coat with chro- 
mium additions to levels higher than 2 atomic percent 
unexpectedly Improve the spallation resistance of a 
TBC system. 

[0020] According to this Invention, zirconium In the Nl- 5 
Al overlay coating 24 of this invention preferentially ox- 
idizes at the coating surface, forming "pegs" that in- 
crease the mechanical integrity of the alumina scale 28 
that forms on the coating 24. These pegs create an ir- 
regular or roughened surface that increases the extrin- 
sic resistance to crack propagation at the bond coat- 
TBC interface by providing a tortuous crack path. Zirco- 
nium is further believed to improve the creep resistance 
of the coating 24. 

[0021] During an investigation leading to this inven- 
tion, tests were performed on NIAl+Zr+Cr overlay coat- 
ings 24 that evidenced improvements over baseline PtAI 
diffusion coatings in terms of TBC spallation and envi- 
ronmental (CHC/O) resistance. The tests showed that 
such improvements can be achieved with up to 1 .2 at. 
% zirconium, and that the further addition of chromium 
leads to an unexpected additional improvement in TBC 
spallation and CHC/O performance. Suitable composi- 
tional ranges for zirconium and chromium were estab- 
lished through the testing of overlay coatings deposited 
by electron beam-physical vapor deposition (EB-PVD) 
and high velocity oxyfuel (HVOF) thermal spraying of 
powders. 

[0022] In a first experiment, EBPVD techniques were 
used to deposit NIAI+Zr+Cr overlay coatings on six sets 
of furnace cycle test (FCT) buttons made from Rene N5 
single- crystal superalloy, having a nominal composi- 
tion, in weight percent, of 7.5% Co, 7.0% Cr, 6.5% Ta, 
6.2% Al, 5.0% W, 3.0%Re, 1 .5% Mo, 0.15% Hf, 0.05% 
C, 0.004% B, 0.01% Y, the balance nickel. The EBPVD 
parameters were adjusted to vary the zirconium content 
from one button set to another, while maintaining chro- 
mium levels of about 5 at.%. After depositing approxi- 
mately two mils (about 50 micrometers) of NiAI+Zr+Gr 
overlay coating material, the specimens were subjected 
to a vacuum diffusion heat treatment at about 2000'F 
(about 1090**C) for two hours, and then coated by EB- 
PVD with about five mils (about 125 micrometers) of 
7%YSZ as a thermal barrier coating (TBC) material. The 
spallation life potentials of these coating systems were 
then evaluated by FCT at about 21 25*»F (about 1 1 60*»C) 
with one hour cycles. The results of this experiment are 
plotted In Figure 3. The spallation resistance of the YSZ 
TBC Is shown to be strongly Influenced by zirconium 
concentration. FCT lives exceeding the PtAI baseline 
performance (230 cycles) were observed for zirconium 
levels of about 0.2 to 1 .2 at.% zirconium, and particularly 
for levels of about 0.3 to about 0.7 at.%. 
[0023] In a second experiment designed to evaluate 
the role of chromium and zirconium chemistry variations 
on the environmental performance of beta-phase NIAI 
overlay coatings, chromium levels of 2, 5 and 10 at.% 
and zirconium levels of 0.1 , 0.3, 0.5, and 0.7 at,% were 



evaluated In a full factorial design of experiment (DOE). 
The ratio of aluminum to nickel atomic concentrations 
in the powders was maintained at about 1:1 for all pow- 
ders Investigated. The twelve possible combinations es- 
tablished by the chromium and zirconium ranges were 
fomned as powders and sprayed by HVOF on test spec- 
imens. Coatings two mils (about 50 micrometers) in 
thickness were applied to Ren6 N5 pin specimens (3.5 
inches long and 0.25 Inches diameter; about 9 cm long 
by about 6.35 mm diameter). After a vacuum diffusion 
heat treatment at about 1975*F (about 1 0BO'^C) for two 
hours, the NiAl overiay coatings were hand-finished to 
reduce surface roughness. IHalf of the pins were then 
coated with about five mils (about 125 micrometers) of 
7%YSZ by EBPVD. The TBC-coated pins were then 
subjected to burner rig testing for TBC spallation as 
overlay bond coats, while the TBC-free pins were sub- 
jected to burner rig testing with fuel contaminated with 
sea salt to evaluate the environmental properties of the 
NIAI+Zr+Cr compositions as environmental overiay 
coatings. The results of these tests are summarized in 
Figures 4 and 5, respectively. 

[0024] The burner rig TBC spallation experiment with 
the TBC-coated specimens was conducted at Mach 0.5 
gas velocity and at pin temperatures cycled between 
about 200*F and 2075*F (about 93**C and about 
1 1 35°C) using cycles comprised of a five minute hold at 
peak temperature and 75 seconds of forced air cooling 
to below 200**F (about 93**C). The number of cycles to 
TBC failure (identified as the spallation of any amount 
of TBC) was recorded. Figure 4 Is a "main effects" plot 
of zirconium and chromium chemistry concentration on 
TBC spallation life. A main effects plot was chosen as 
the simplest means to compare the average effects of 
separate variables on an outcome. In Figure 4, for In- 
stance, the average performance for specimens con- 
taining about 1 0 at.% chromium (at all zirconium levels) 
was considerably higher than those with only 2 at.% 
chromium (at all zirconium levels). Similarly, coatings 
with 0.5 at.% zirconium (at all chromium levels) per- 
fomried better than coatings with 0.1 , 0.3 and 0.7 at.% 
zirconium (at all chromium levels). 
[0025] As is evident from Figure 4, both zirconium and 
chromium have a clear effect on performance, as Indi- 
cated by longer life with increasing concentrations of 
both elements, especially zirconium at levels between 
0.3 to 0.7 at.%, and particular around 0.5 at.%. The ef- 
fect of chromium Is evident at all levels from 2 to 10 at. 
%. The main effects plot of Figure 4 and the raw data 
that produced the plot indicated that the coatings with 
the longest lives contained a combination of 10 at.% 
chromium and 0.5 at.% zirconium. Coatings with more 
or less zirconium and less chromium did not perform as 
well. The plot also displays strong evidence by extrap- 
olation that the lack of chromium (i.e., 0 at.% chromium) 
would lead to lower performance than the tested com- 
binations of chromium and zirconium. Consequently, 
this investigation evidenced that the tested combina- 
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tions of zirconium and chromium provide better spalla- 
tion performance than if either element were used alone. 
[0026] The data also indicates the trend that zirconi- 
um concentrations of more than 0.7 at.% should perfomri 
better than baseline PtAI bond coats, as will chromium 
levels of more than 10 at.%. From this investigation, it 
was concluded that zirconium levels of about 0.1 to 
about 1 .2 at.% and chromium levels of about 2 to about 
15 at.% should be operable ranges to meet or exceed 
the performance of PtAI diffusion bond coats. 
[0027] Finally, a burner rig CHC/O test was conducted 
with the twelve TBC-free NiAI+Zr+Cr overlay coatings 
deposited by HVOF. These specimens were subjected 
to a Mach 0.5 flame and a continuous thermal cycle be- 
tween about 2075* F (about 1 1 35**C) forfive minutes and 
about 1700*F (about 925*^0) for ten minutes, all while 
injecting 1 ppm sea salt into the fuel to achieve hot-cor- 
rosion. The time in hours required for the coating to be 
removed by environmental attack at any location was 
recorded. Subsequent metallographic analysis re- 
vealed the initial thickness of the coating, from which the 
life per mil (per about 25 micrometers) of coating was 
calculated. Figure 5 is a Main Effects plot of zirconium 
and chromium chemistry concentration on CHC/O life. 
The effects of the zirconium and chromium concentra- 
tions are similar to that seen in Figure 4, in that both 
zirconium and chromium were required for full perfomri- 
ance benefits to be realized. Figure 5 further emphasiz- 
es the need to have both zirconium and chromium in the 
coating to achieve improved performance beyond what 
is possible with zirconium additions alone. Specifically, 
without chromium (0 at.%). the perfomnance would be 
expected to be lower that the results obtained with a 2 
at.% chromium level, no matter what the zirconium con- 
centration (0.1 to 0.7 at.%) is of the coating. 
[0028] While the invention has been described in 
terms of a preferred embodiment, it is apparent that oth- 
er forms could be adopted by one skilled in the art. Ac- 
cordingly, the scope of the invention is to be limited only 
by the following claims. 
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4. A coating system (20) according to any preceding 
claim, wherein the zirconium content of the overlay 
layer (24) is 0.3 to 0.7 atomic percent. 

5. A coating system (20) according to any preceding 
claim, wherein the zirconium content of the overlay 
layer (24) is about 0.5 atomic percent. 

6. A coating system (20) according to any preceding 
claim, wherein the chromium content of the overlay 
layer (24) is 2 to 10 atomic percent. 

7. A coating system (20) according to any preceding 
claim, wherein the chromium content of the overlay 
layer (24) is at least 5 atomic percent. 

8. A coating system (20) according to any preceding 
claim, wherein nickel and aluminum are present in 
the overlay layer (24) in approximately equal 
amounts. 

9. A coating system (20) according to claim 1 , wherein 
the overlay layer (24) consists of, in atomic percent, 
5% to 1 0% chromium, 0.3% to 0.7% zirconium, the 
balance essentially nickel and aluminum in approx- 
imately equal amounts. 

10. A coating system (20) according to any preceding 
claim, wherein the aluminum content of the overlay 
layer (24) is 30 to 50 atomic percent. 
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Claims 



1. A coating system (20) on a superalloy substrate "^s 
(22), the coating system (20) comprising a beta- 
phase NiAl intermetallic overlay layer (24) consist- 
ing of, in atomic percent, 30% to 60% aluminum, 

2% to 15% chromium, 0.1% to 1 .2% zirconium, and 
the balance essentially nickel. 50 

2. A coating system (20) according to claim 1 , further 
comprising a thennal-insulating ceramic layer (26) 
adhered to the overlay layer (24). 

55 

3. A coating system according to claim 2, wherein the 
ceramic layer is yttria-stabilized zirconta. 
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